
Citation: Li, J.; Wang, C.; Deng, H.

Hybrid Nursing Robot Based on

Humanoid Pick-Up Action: Safe

Transfers in Living Environments for

Lower Limb Disabilities. Actuators

2023, 12, 438. https://doi.org/

10.3390/act12120438

Academic Editors: Ioan Doroftei

and Bing Li

Received: 9 October 2023

Revised: 20 November 2023

Accepted: 23 November 2023

Published: 24 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

actuators

Article

Hybrid Nursing Robot Based on Humanoid Pick-Up Action: Safe
Transfers in Living Environments for Lower Limb Disabilities
Jiabao Li 1,2, Chengjun Wang 1,2,* and Hailong Deng 3

1 School of Artificial Intelligence, Anhui University of Science & Technology, Huainan 232001, China;
2022100093@aust.edu.cn

2 Anhui Artificial Intelligence Laboratory, Artificial Intelligence Research Institute of Hefei Comprehensive
National Science Center, Hefei 230022, China

3 School of Mechanical Engineering, Anhui University of Science & Technology, Huainan 232001, China;
2021200068@aust.edu.cn

* Correspondence: cjwang@aust.edu.cn; Tel.: +86-17355477119

Abstract: This research paper outlines the development of a modular and adjustable transfer care
robot aimed at enhancing safe and comfortable transfers for individuals with lower limb disabilities.
To design this robot, we utilized a 3D motion capture system to analyze the movements of a person
assisting another person and to determine the necessary range of motion and workspace for the
robot. Based on this analysis, we developed a 3-UPS + UPR parallel spreader to transfer the person
receiving care. We also conducted kinematic and dynamic analyses of the parallel spreader to
validate its operational space and to obtain the force change curve for the drive. To evaluate the
robot’s performance, we enlisted the help of ten volunteers with varying heights and weights.
Our findings indicate that the pressure distribution during transfers remained largely consistent.
Additionally, the surveys revealed that those receiving care perceived the robot as being capable of
securely and comfortably transferring individuals between different assistive devices. This modular
and adaptable transfer assistance robot presents a promising solution to the challenges encountered
in caregiving.

Keywords: hybrid nursing robot; humanoid pick-up action; workspace; dynamical model; comfort
analysis

1. Introduction

With the aggravated aging of the population, the number of disabled/semi-disabled
persons is increasing, which causes many social problems, such as the lack of care and
increased bodily injuries to nursing persons [1–3]. For disabled/semi-disabled persons,
nursing services include transfer support, excretion support, guardian support, and spiri-
tual consolation, wherein transfer support poses the most serious risk of bodily injury to
the nursing person [4,5]. Transfer support refers to the heavy physical work of assisting
or carrying a disabled person to transfer them between living appliances such as a bed,
wheelchair, a close stool, or sofa. It is a key factor that causes home nursing difficulty,
disharmonious family relationships, and other social problems [6].

The common transfer carriers are divided into direct and indirect carriers [7]. Direct
carriers adopt a bed–wheelchair integrated design. Based on the Internet of Things (IoT),
Muangmeesri and Wisaeng [8] designed an intelligent wheelchair with a health monitoring
function. Zhou et al. [9] designed an intelligent nursing bed that integrates the functions
of a traditional nursing bed and a powered wheelchair. Lang et al. [10] developed a
smart nursing bed designed to facilitate automatic defecation for patients. Nevertheless,
the expensive and non-transferable equipment transfer approach poses limitations, as
it does not enable transfers between various devices. At present, the indirect carrier is
the popular transfer carrier. Wang et al. [11] designed a power-driven transfer device
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that uses a sling to lift and move a nursed person. It is simple and cheap, but it is less
comfortable and can easily cause secondary injury. The RI-MAN humanoid bilateral-arm
rehabilitation robot [12] designed by the RIkagaku KENkyusho/Institute of Physical and
Chemical Research has 19 degrees of freedom (DOFs) and contains two coupled six-DOF
robotic arms and multiple sensors for the rapid perception of the external environment.
The second generation of the robot nursing assistant (RoNA) launched by HStar [13,14]
adopts a tandem elastic drive system that effectively guarantees the safety and flexibility of
two arms and has a loading capacity of 227 kg. It is also equipped with a three-dimensional
(3D) intelligent navigation system. Its shortcoming is that it requires the assistance of two
medical care personnel and is thus less efficient. Zhang et al. [15] created a nursing robot
with an aluminum alloy structure by focusing on the center of gravity. This robot can move
safely and efficiently along a predefined path between two work points. However, the use
of motor-driven arm joints proves to be expensive and unsuitable for widespread adoption.
Liu et al. [16] developed a humanoid back-holding transfer rehabilitation robot that uses
a three-DOF chest support to support the chest of a nursing person while it carries the
nursed person on its back for transfer. However, this robot is complex and large. To sum up,
the existing transfer equipment, aimed at ensuring the safety and comfort of care, comes
with elevated costs and equipment complexity. This high price tag poses challenges for the
broader population to afford such equipment [17–19].

Simultaneously, the emotional well-being of an individual receiving care and their
comfort during the transfer process play significant roles in caregiving. Previous stud-
ies [12–14] have employed humanoid robots, demonstrating that human-like movements
can enhance the emotional connection between the robot and the individual while im-
proving comfort. However, none of the aforementioned studies analyze the movements
of a person embracing another individual, instead opting for a costly robotic arm with
multiple motors.

To create a transfer care robot that is safe, comfortable, and cost-effective while mim-
icking the anthropomorphic hugging and transferring motions, our approach involved
using a 3D motion capture system to analyze human hugging movements and determine
the necessary range of motion and workspace for the robot. Building on this analysis, we
developed a hybrid transfer robot equipped with a 3-UPS + UPR parallel spreader designed
for optimal structural stability. To ensure the functionality and safety of the designed robot,
we conducted kinematic and dynamic analyses. Subsequently, we fabricated a prototype
and conducted experiments with recruited volunteers. The results demonstrated the robot’s
ability to comfortably transfer caregivers between chairs, beds, sofas, wheelchairs, and
other everyday living appliances. This success suggests the potential for the widespread
application of this innovative robot.

2. Analysis of the Pick-Up Action

In this study, we employed a 3D motion capture system to determine the necessary
degrees of freedom for our mechanism’s design and its range of motion. Additionally, we
conducted tests involving several individuals who require care to establish the required
workspace, tailored to the needs of a wide range of individuals. The specific body pa-
rameters for individuals who can benefit from this robot’s assistance are outlined based
on the inertial parameters defined by the General Administration of Quality Supervision,
Inspection and Quarantine of the People’s Republic of China, China National Committee
for Standardization [20]. These parameters include a height range of 1500 mm to 1880 mm
and a weight range of 50 KG to 90 KG.

2.1. Design of the Pick-Up Test

In this test, a NOKOV optical 3D motion capture system was used to capture the
actions of the nursed person in the pick-up process [21,22]. According to the standard
human skeleton model [23] given in the ISO/IEC19774-Human animation (H-Anim) stan-
dard, “r_shoulder”, “l_shoulder”, “vl5”, and “sacroiliac” in the model were selected as the
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markers (Figure 1). As shown in the figure, a nursed person sat on a chair, and a nursing
person picked up the nursed person and moved them by walking.
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Figure 1. Test arrangement for the pick-up action.

The nursed persons were five volunteers with different heights and weights, as shown
in Table 1. The first nursing person was a male, aged 23, 1750 mm in height, and 85 kg
in weight. To avoid daytime sunshine from affecting the motion capture, the test was
conducted at night. Before the test, the nursed persons and the nursing person did not
drink, but they had a good rest. In addition, to prevent the physical fatigue caused by the
continuous tests from affecting the pick-up action, the nursed persons and the nursing
person were asked to take a 10 min break before participating in the next set of tests.

Table 1. Information of the nursed persons.

Height, mm Weight, kg Sex Age

Nursed person 1 1520 53 Female 23
Nursed person 2 1650 70 Male 24
Nursed person 3 1700 72 Male 24
Nursed person 4 1750 78 Male 29
Nursed person 5 1810 85 Male 35

2.2. Analysis of the Pick-Up Action

The pick-up and transfer actions, illustrated in Figure 2, included four stages: ap-
proaching, picking up, steady movement, and lowering. First, the nursed person sat on a
chair, and the nursing person approached the nursed person and bent to an appropriate
position. Second, the nursing person maintained their leg posture when approaching the
nursed person, put their arms on the back and thighs of the nursed person, and then stood
up. In this process, the back angle of the nursed person changed a little. Third, the nursing
person adjusted the posture of the nursed person to a “comfortable” state and leaned
the body of the nursed person backward. Fourth, the nursing person leaned the nursed
person’s body frontward and slowly lowered them down into the chair.

A coordinate system was established by considering the body of the nursed person as
a rigid rod and considering the projection center of the chair on the ground as the origin
(Figure 3). Using an example of a person being cared for who has a height of 1700 mm and
a weight of 72 kg, the entire lifting process takes 18 s. During this process, we observed
the change in the angle between the cared-for person’s body and the X-axis, as illustrated
in Figure 4. The nursed person’s subjective feeling in the pick-up process was affected by
their posture and the change in the interaction between the two persons due to the posture
variation; when the said angle was within 10◦–25◦, the nursed person felt “comfortable” as
the forces on their back, legs, and other contact parts were acceptable [24].
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Figure 5 provides the minimum trajectory ranges of the markers on the five nursed
persons. The vertical displacement of each marker was nondimensionalized by the corre-
sponding nursed person’s height as the denominator. The smallest trajectory range covers
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640 mm horizontally and 280 mm vertically. These minimum trajectory ranges are crucial
for designing the workspace of the robot. A requirement is that the workspace of the sling
used in this innovative design should be greater than the minimum trajectory range.
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The test results revealed that the forces on the nursed person changed with the change
in the nursing person’s posture, which directly affected their comfort. Therefore, based on
the features of the pick-up action, the robotic pick-up sling should have three DOFs (for
horizontal movement, vertical movement, and rotation), as shown in Figure 6.
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3. Hybrid Robot: Structure and Functionality

As illustrated in Figure 7, The modular hybrid robot, described in this paper, incor-
porates several components including a mobile chassis, a 3UPS + UPR parallel spreader,
a linear skid module, a binocular vision system, a protective hood, a slewing device, and
a lifting device. Its dimensions are 1000 mm × 700 mm × 1750 mm, supporting a load
capacity of 50 KG to 90 KG. These specifications stem from an in-depth analysis of the
physical characteristics of the intended user group, detailed in Section 2. The focus of this
research centers on the 3-UPS + UPR parallel spreader.

The 3-UPS + UPR’s three-dimensional movement is facilitated by adjusting the lengths
of the four electrically driven rods. These rods offer a motion range of 0–350 mm, a
maximum thrust of 2500 N, and a telescopic speed of 7 mm/s. Coupled with the horizontal
slide movement, this mechanism allows for precise positioning relative to the caregiver. The
module’s design prioritizes structural integrity and stability, effectively replacing traditional
multi-joint robotic arms. This aspect is crucial in minimizing the risk of mechanical failures
during operation, thereby safeguarding the user’s safety during transfer processes.
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Figure 7. The series-parallel transfer nursing robot.

The work process of this robot is as follows: when detecting a nursed person, the
binocular vision system moves the mobile chassis to a designated position and adjusts the
3-UPS + UPR paralleled sling to a position that is wearable for the nursed person through
the rotatory device, lifting device, and straight pulley block modules; when the nursed
person wears the sling well, the paralleled sling can pick up the nursed person and adjust
the postures until the transfer nursing process is finished.

In response to the requirements identified during the analysis of pick-up and carry
movements, the 3-UPS + UPR parallel spreader is designed to offer three essential degrees of
freedom: horizontal movements, vertical movements, and rotational capability. This design
specifically addresses the diverse mobility needs of individuals with lower limb disabilities.

As illustrated in Figure 8, the 3-UPS + UPR paralleled mechanism is composed of a
fixed platform, a mobile platform, three identical UPS branches (hooke joint (U), sliding
pair (P), and spherical joint (S)), and a UPR branch. The four branches are distributed like a
square on the fixed platform.
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4. Kinematic Analysis

To confirm whether there is a sudden change in the driving force of the parallel
mechanism during the holding motion, which could be potentially hazardous, a kinematic
analysis is required. This analysis will help to derive the position inverse solution and the
Jacobian matrix for the parallel mechanism, establishing the groundwork for a subsequent
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dynamic analysis. Simultaneously, it is essential to determine the workspace to ensure that
it exceeds the minimum trajectory range required for the cared-for person.

4.1. Inverse Solution for Positions

To pick up a person with the robotic 3-UPS + UPR paralleled sling, the kinematic
parameters of the sling were calculated based on the trajectory of the humanoid pick-
up motion. Further, the topological structure of the 3-UPS + UPR paralleled sling was
established, as shown in Figure 9.
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Figure 9. The topological structure of the 3-UPS + UPR paralleled sling mechanism.

A base coordinate system (O) is established at the center of the fixed platform, where
the center of the square is the origin O, the X-axis is parallel to line A1A3, the Y-axis is
parallel to line A2A4, and the Z-axis is vertical to face A1A2A3A4; a moving coordinate
system (o) is established at the center of the mobile platform, with the origin o at the center
of the square mobile platform, the x-axis parallel to line B1B3, the y-axis parallel to line
B2B4, and the z-axis vertical to face B1B2B3B4. In this paper, the first shaft Ri1(i = 1,2,3,4) of
each hooke joint is along the Z-axis direction and vertical to the second shaft Ri2(i = 1,2,3,4),
the second shaft Ri2 of each hooke joint is vertical to the driving pair Pi of each branch, the
second shaft R12 of the hooke joint in the UPR branch is vertical to the R13, and the rotating
axis of R13 is parallel to the x-axis of the mobile platform.

As for the inverse kinematic of the position of the 3-UPS + UPR mechanism, the length
vector li of the drive rod in each branch of the mechanism was determined by using a
rotation matrix and constraint equation, given that the length from the center to the vertex
of the fixed platform is L, the length from the center to each vertex of the mobile platform
is l, and the pose of the center o of the mobile platform relative to the fixed coordinate
system is (x, y, z, α) For the 3-UPS + UPR paralleled mechanism, the constraint equation is
determined, as shown below, based on the geometrical relationships of the revolving pairs
R12⊥A1B1, R12⊥R13, R11⊥R12, and R13⊥A1B1:

R12 × A1B1 = 0
R12 × R13 = 0

R13 × A1B1 = 0
R12 × R11 = 0

(1)

The variables ki, hi, li, and
→
r are set, representing the unit direction vectors of oAi,

oBi, AiBi, and oo in the base coordinate system, and ei is set as the length of the revolving
pair, where 

k1= (L , 0, 0)′

k2= (0, L , 0)′

k3= (− L , 0, 0)′

k4= (0,− L , 0)′
(2)



Actuators 2023, 12, 438 8 of 17

The pose transformation matrix of each vertex Bi on the mobile platform in the base
coordinate system is

R =

cos θ − sin θ 0
sin θ cos θ 0

0 0 1

 (3)

According to the position transformation relation, the direction vector of the vector hi
in the base coordinate system (O) can be expressed as

h1 = o
o1

R(l , 0, 0) ′

h2 = o
o1

R(0, l , 0)′

h3 = o
o1

R(− l , 0, 0)′

h4 = o
o1

R(0,− l , 0)′
(4)

Hence, the coordinates of each vertex on the mobile platform in the base coordinate
system are obtained as follows: D is the coordinate of a vertex on the mobile platform in
the base coordinate system, R is the pose transformation matrix of each vertex Bi on the
mobile platform in the base coordinate system, m is the coordinate of the vertex on the
mobile platform in the moving coordinate system, and P is the coordinate of the vertex on
the mobile platform in the base coordinate system.

oDi = Rmmi + P (5)

Thus, the vector equation of each branched mobile chain in the 3-UPS + UPR paralleled
mechanism is established as shown below:

li = liei =
→
r + hi − ki (6)

In combination with the constraint equation, the rotation matrix, and the vector
equations of the branches, the position inverse kinematic expression of the 3UPS + UPR
paralleled mechanism is obtained as shown below:

l1 = ±
√

L2 − (y + l sin θ − a)− z2 + (x + l cos θ)

l2 = ±
√

L2 − (x− l sin θ − a)− z2 + (y + l cos θ)

l3 = ±
√

L2 − (y− l sin θ − a)− z2 + (−x− l cos θ)

l4 = ±
√

L2 − (x + l sin θ + a)− z2 + (−y− l cos θ)

(7)

4.2. Solution of the Jacobian Matrix

The first-order influential factor matrix of the mechanism was calculated using the
differential transform method based on the symbolic operation. Then, the first-order motion
influential factors were used to solve the velocity Jacobian matrix of the 3-UPS + UPR
paralleled mechanism. According to the motion feature of the mechanism, the length of the
drive rod can be expressed as

li =
√
(liei)

T(liei) = fi(z, α, β) (8)

By calculating the derivative of time based on the above equation, the velocity of the
drive rod in each branched chain is obtained as follows:

•
l i =

∂ fi(z, α, β)

∂z
•
z +

∂ fi(z, α, β)

∂α

•
α +

∂ fi(z, α, β)

∂β

•
β (9)
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Hence, the mapping relationship between the velocity of the mobile platform and the
driving velocity can be expressed as

.
l1.
l2.
l3.
l3.
l4

 =


∂ f1
∂z

∂ f1
∂α

∂ f1
∂β

∂ f2
∂z

∂ f2
∂α

∂ f1
∂β

∂ f3
∂z

∂ f3
∂α

∂ f1
∂β

∂ f4
∂z

∂ f4
∂α

∂ f1
∂β



•
z
•
α
•
β

 (10)

Let
.
l =

[ .
l1

.
l2

.
l3

.
l4

]T
and Vo =

[
·
z

·
α

·
β

]T
. Then,

.
l = JVo (11)

where
.
l is the velocity of the drive rod, J is the 1-order influential factor matrix of the

mechanism, which is written as J = [J1 J2 J3 J4]T, and Vo is the motion velocity of the mobile
platform. The Jacobian matrix of the 3-UPS + UPR paralleled mechanism has four rows
and three columns.

4.3. Analysis of the Workspace

The pose adjustability of the paralleled sling depends on the workspace of the paral-
leled mechanism. To realize “global” pose adjustment for a nursed person, the reachable
workspace of the mechanism can be calculated with a numerical method and analytical
method. However, the latter method requires an explicit expression of the position solution
of the mechanism and has a complicated calculation process and high cost. Hence, the
numerical method was used to calculate the flexible workspace of this mechanism.

The workspace of the 3-UPS + UPR paralleled sling is affected by the structural dimen-
sion of the mechanism, the rotation angle limit of the revolving pair, and the interference
of the connecting rods. The dimensions of the platforms in the mechanism are listed in
Table 2.

Table 2. Geometric and inertial parameters of the mechanism.

Simulated Parameter Value Unit

L, l, z 0.35, 0.30, 0.32 m
lmi (i = 1, 2, 3, 4) 0.32 m
mo,mli
(i = 1,2,3,4) 4.035, 1.524 kg

Io diag [0.0801 0.0425 0.1225] kg·m2

Ili diag [0.0829 0.0639 0.0211] kg·m2

fo [0 0 –120]T N
no [0 50 0]T N·m

The constraint conditions are as follows: (a) the travel of the driving pair ranges within
320 mm–600 mm; (b) the rotation angles (α, β, and λ) of the hooke joint and spherical joint
are limited to ±25◦.

The following displays the process flow in calculating the workspace of the paralleled
mechanism with the numerical method:

1. Set the pre-workspace of the mechanism and divide the uniform step size equally.
2. Substitute the position parameters and posture rotation angle in the workspace into

the constraint equation and establish a system of nonlinear equations.
3. Use the homotropy method to obtain multiple groups of numerical solutions, then

compare this set of solutions with the preset constraint conditions, and screen out the
correct solution.
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4. All solutions satisfying the constraints in the pre-workspace are reachable workspaces,
as presented in Figure 10.
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Meanwhile, the SoildWorks software was used to verify the correctness of the workspace
of the paralleled mechanism based on the numerical solution, with the following major
process flow:

1. Establish a 3-UPS + UPR paralleled mechanism model in the SoildWorks software.
2. Read and tabulate the equal division points in step 1 of the numerical solution, and

then use Visual Studio to compile an EXE file, and read the elongation of each rod and
the angle of the shafts of the revolving pair while inputting all points in the table into
the center of the mobile platform of the mechanism successively.

3. Delete the point locations that cannot be generated by SoildWorks, screen out the
points satisfying the constraint equation, and reserve the remaining points.

4. Generate the remaining points into curves in SoildWorks and seam the curved surfaces,
obtaining the workspace, as provided in Figure 11, and the volume parameter.
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As discovered by comparing the workspace figure obtained based on the numerical
solution with the simulated diagram, the simulated workspace is identical to the calculated
workspace, which proves that the conducted work is correct. Further, the inscribed cylinder
in the workspace, as shown in the reachable workspace figure, was calculated, obtaining a
task workspace with a diameter of 650 mm and a height of 300 mm. The workspace of the
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robot exceeds the minimum trajectory required for the individual receiving care. This result
verifies that the designed robot sling satisfies the transfer demands of most nursed persons.

5. Dynamical Analysis and Simulation

To ensure the safety of the transfer process for the individual receiving care and to
avoid abrupt changes in the driving force, a dynamic analysis of the 3-UPS + UPR parallel
mechanism is conducted using the principle of virtual work. The parameters for the moving
platform position are determined based on the humanoid hold-and-take action, enabling
us to derive the curve depicting changes in its driving force.

5.1. Dynamical Analysis

Performing a dynamical analysis of a paralleled mechanism based on the principle of
virtual work is one of the analysis methods for such systems [25–27]. This method involves
a high calculation speed and low complexity, without calculating the constraining force
and moment. Thus, the principle of virtual work has been used to analyze the dynamics of
the 3-UPS + UPR paralleled mechanism.

The mass, mo, of the mobile platform; the external force, fo, and the moment, no, on the
barycenter of the mobile platform; and their references, fo and no, in the fixed coordinate
system are given as follows: fo = R fo and no = Rno.

Taking Io as the inertial matrix of the mobile platform in the mobile coordinate system,
the inertial matrix of the mobile platform in the fixed coordinate system is expressed as
Io = RIoRT .

The relationship between the force and moment on the barycenter of the mobile
platform is expressed as

Fo =

[
fo + mog−mo

•
νo

no − Iowo − wo × (Iowo)

]
(12)

When each branched chain only bears gravity, given the mass mli of the drive rod in a
branched chain, its inertial matrix in the branched system is represented as Ili. The force
and moment on the branched chain are indicated as

Fu =

[
mug−miiami

−o Ivwv − wv × (o Ivwv)

]
(13)

Based on Equations (12) and (13), the dynamical equation of the mechanism is estab-
lished based on the principle of virtual work as follows:

δxT
o Fo + δqT F +

4

∑
i=1

δxT
u Fu = 0 (14)

where δxo is the virtual displacement of the mobile platform, F is the driving force, δq is the
virtual displacement of the driving force, and δxli is the virtual displacement corresponding
to Fli.

The virtual displacement shown in Equation (14) and the generalized virtual displace-
ment of the mechanism satisfy the geometric constraints of the 3-UPS + UPR mechanism
itself, and their relationships can be denoted as δq = Jδxo and δxli = Jliδxo. Equation (14)
can be written as

δxT
o

(
Fo + JT F +

4

∑
i=1

JT
i

Fu

)
= 0 (15)

Equation (15) is satisfied for any δxo. Hence,

Fo + JT F +
4

∑
i=1

JT
ii Fii = 0 (16)
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In Equation (16),

F = −(JT) + (Fo +
4

∑
i=1

JT
ii Fii) + FoK (17)

(JT)
+, Fo, and K are the pseudo-inverse matrix of JT , the base vector of the null space, and

the base vector coefficient of the null space, respectively. In other words, Equation (17) can
be treated as the dynamic model of this mechanism. For the 3-UPS + UPR redundancy
parallel mechanism, Equation (17) comprises three linear equations, which, however, have
four unknown numbers. Hence, the solutions of these equations are not unique. Based on
the two-norm solution of the driving force, Equation (17) can be denoted as

F = −(JT) + (Fo +
4

∑
i=1

JT
ii Fii) (18)

5.2. Numerical Simulation for Verification

The simulation performed using MATLAB and the ADAMS software was carried out
to verify the validity of the kinematic and dynamical models established for the paralleled
mechanism. The parameters of the 3-UPS + UPR paralleled mechanism (Table 2) were
determined as per the work requirement and workspace of the transfer nursing robot.

Utilizing the trajectory of the humanoid pick-up motion, we made an assumption
regarding the pose parameters of the mobile platform.

α(t) = 0.1 sin(πt/10)(π/50) cos(πt/10) + π/60
β(t) = 0.1 cos(πt/10) + 0.15
z(t) = 0.32 + 0.5 cos(πt/10)

The driving force curves of the drive rods in the 3-UPS + UPR paralleled mechanism
were calculated based on the motion trajectory of the mobile platform and the aforemen-
tioned kinematic and dynamical equations. Figure 12 shows the driving force curves
calculated using Matlab, and Figure 13 shows the driving force curves simulated using
ADAMS, where the step size was 0.2 s and the calculation time was 20 s. The results
reveal that the driving force varied continuously and steadily such that the nursed person
could be transferred steadily. The theoretically calculated results were almost equal to the
simulated results, with a maximum error of 3%, which is allowable. Hence, it was proven
that the dynamical model of the mechanism is valid.
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6. Functional Test and Analysis of the Prototype
6.1. Functional Test

The series-parallel transfer nursing robot has been designed mainly for transferring
a person with healthy upper limbs and disabled lower limbs between different living
appliances. In this test, we selected ten young adults aged 20–35 with different heights and
weights (Table 3), but with healthy upper limbs and disabled lower limbs, to experience
the transfer function of the robot designed in this study.

Table 3. Information about the test subjects.

Height, mm Weight, kg Sex Age

Nursed person 1 1550 60 Male 23
Nursed person 2 1670 70 Male 24
Nursed person 3 1710 73 Male 24
Nursed person 4 1750 78 Male 29
Nursed person 5 1800 85 Male 35
Nursed person 6 1850 80 Male 26
Nursed person 7 1700 56 Female 26
Nursed person 8 1650 55 Female 25
Nursed person 9 1780 78 Male 24

Nursed person 10 1790 80 Male 25

The study was approved by the Biomedical Research Ethics Committee of Anhui
University of Science and Technology (Anhui, China) in accordance with the Declaration
of Helsinki. All methods were carried out in accordance with relevant guidelines and
regulations. Written informed consent was obtained from all individual patients included
in the study.

The transfer nursing process of a test subject with a height of 1750 mm and a 70 kg
weight (the nursed person), as an example, is illustrated in Figure 14. At the beginning,
the nursed person adjusted his sitting posture and the chair height as per his subjective
feeling. Once the preparatory work was finished, in the course of nursing, the parallel
spreader was shifted to the individual being cared for using the lifting device and the linear
slide module. This movement was carried out in accordance with the position described in
the previous section for adjusting the humanoid holding action mechanism. The nursing
staff assisted in placing the individual on the spreader. The parallel spreader adapted the
length of the individual drive rods based on the posture parameters of the humanoid lifting
action, simulating the lifting action to raise the cared-for person. After that, the nursed
person moved his head to the protective hood and laid flat, entering a steady convey stage



Actuators 2023, 12, 438 14 of 17

(Figure 14a–c). After approaching the ward bed, the sling was used to readjust the lengths
of the drive rods and lower the nursed person down onto the bed slowly (Figure 14d–e).
At this time, the transfer nursing was finished.
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In this functional test, the robot completed the transfer of ten test objects successfully
and the test objects also gave good feedback without adverse reactions.

6.2. “Comfort” Test

In the transfer process, the forces on the parts of the nursed person contacting the
robot were the direct factors affecting their comfort. The pressure on their back changed
with the change in the posture of the 3-UPS + UPR paralleled sling. The vibration in
the movement also contributed to the pressure change. Therefore, arrayed flexible tactile
sensors were provided on the contact parts (back) between the sling and the nursed person,
and a pressure acquisition system was used to record the change in the pressure distribution
on the backs of the ten test subjects during the transfer.

At the beginning of the test, the test subjects adjusted the chair height and position
as per their specific heights and subjective feelings. Then, the robot’s motion trajectory
was designed based on each test subject’s subjective feeling, respectively. According to the
motion modes of the robot, the transfer was divided into four stages: the starting stage (the
nursed person leaves the chair), the lifting stage, the steady stage, and the lowering stage.
Figure 15 exhibits the pressure changes on the ten test objects in the four stages, where the
maximum pressure was 26.6 kPa, the minimum pressure was 4.5 kPa, and the maximum
variation was 24.1 kPa. A person can noticeably feel a pressure change of 24.1 kPa, which
falls within the normal acceptable range. In the test, the test subjects’ pressure distributions
changed less in four states, with an average pressure variation of 5.2 kPa/s. Therefore, their
pressure distributions wereless affected by the change in the posture of the 4-UPR sling
and the vibration during transferring. This result verifies that this prototype is stable and
can transfer a nursed person comfortably.

As pain or comfort is based on the subjective judgment of individuals, a questionnaire
survey and analysis was also made on whether the nursed persons felt “comfortable” or
not in the test stages. In the subjective comments, the nursed persons’ comfort degrees
were divided into four levels: “uncomfortable”, “acceptable, “good”, and “comfortable”.
The comfort degree comments of the nursed persons in the stages are exhibited in Figure 16.
As can be seen in Figure 16, the nursed persons did not feel uncomfortable in the starting
stage and steady stage; one nursed person felt uncomfortable in the lifting stage, and
two nursed persons felt uncomfortable in the lowering stage; and no nursed person felt
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uncomfortable in the whole transfer process, and those who felt good and comfortable
accounted for 80%. The pressure distribution test and subjective comments all reveal that
most nursed persons feel comfortable in the test process. Hence, the designed robot can
transfer a nursed person comfortably.
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7. Conclusions

This paper examines the action of humanoid hugging and employs this analysis to
design a hybrid shift-riding care robot. To begin, a 3D motion capture system is utilized
to record the human hugging action, allowing for an analysis of the movement path of
the person being cared for. This analysis yields information on the degrees of freedom
and workspace relevant to this action. Subsequently, a transfer-riding nursing robot with
a 3-UPS + UPR parallel mechanism is devised. Kinematics and dynamics are employed
to assess the workspace and stability of the robot. The results indicate that the robot’s
workspace exceeds the minimum trajectory range required for caring for the individual,
meeting the necessary nursing care standards. Furthermore, during the humanoid-carrying
motion, the driving force in each branch of the parallel mechanism transitions smoothly,
without sudden changes, thus fulfilling stability requirements. In a prototype experiment,
all volunteers report positive experiences when the robot performs humanoid holding care,
and the change in the back pressure remains within an acceptable range. This robot offers
convenience and reduces the workload of caregivers.

In contrast to the dual-arm humanoid care robot, this robot utilizes a hybrid plus
modular structural design, providing improved structural stability at a lower cost. In the
future, we plan to enhance the robot’s structure, develop more advanced control algorithms,
and undertake clinical validation to better address caregivers’ requirements.
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